The uptake and loss kinetics of Cd were determined in two species of scallops from the European coasts, the variegated scallop Chlamys varia and the king scallop Pecten maximus, following exposures via seawater, phytoplankton and sediment using highly sensitive radiotracer techniques (109Cd). Results indicate that, for seawater and dietary pathways, C. varia displays higher bioaccumulation capacities in terms of uptake rate from water and fraction absorbed from ingested food (assimilation efficiency) than Pecten maximus. Regarding sediment exposure, P. maximus displayed low steady-state Cd transfer factor (TFSS < 1); however, once incorporated, a very large part of Cd transferred from sediment (92%) was strongly retained within P. maximus tissues.
bioaccumulation and retention in this family. To the best of our knowledge, no study has described the Cd 63 accumulation in Pectinidae exposed via different pathways and its depuration using environmentally 64 realistic metal levels. For example the earlier study by Eisler et al. (1972) exposed Aquipecten irradians 65 to 10 ppm Cd, a concentration with toxic consequences (Gould et al. 1988 ) and therefore unlikely to 66 produce a typical accumulation pattern for Cd. In natural conditions, scallops are exposed to metal 67 through seawater and food pathways, sediment potentially contributing to either or both. It is therefore 68 necessary to investigate separately these different exposure pathways to understand their relative 69 contribution in the global accumulation of the metal (Fowler 1982) .
conditions (constantly aerated open circuit; flux: 50 l h -1 ; salinity: 38 p.s.u.; temperature: 17 ± 0.5 °C; pH: 123 8.0 ± 0.1; light/dark cycle: 12 h/12 h) for 36 d and nine individuals of each species were regularly 124 radioanalyzed alive in order to follow the loss of 109 Cd from the scallops. Four scallops were collected at 125 the end of the depuration period and dissected into several body compartments as previously described. 126
127

Food exposure 128
The prymnesiophycean Isochrisis galbana was used to study 109 Cd transfer to scallops through their diet. 129
Phytoplankton cells were exposed to 4.8 kBq l -1 109 Cd during their growing phase (7 d). After that period, 130 phytoplankton medium was filtrated (1 µm-mesh size; Osmonic filters), and then resuspended in a 70-l 131 aquarium (constantly aerated closed-circuit; salinity: 36 p.s.u.; temperature: 17 ± 0.5°C; pH: 8.0 ± 0.1; 132 light/dark cycle: 12 h/12 h) where six C. varia and six P. maximus (average weight ± SD: 17 ± 5 g and 133 127 ± 14 g, respectively) were placed for one week before the feeding experiment. The radioactivity of 134 the labelled I. galbana was γ-counted before and after the filtration. Scallops were allowed to feed on 135 radiolabelled I. galbana for 2 h (cell concentration -5 10 4 cell ml -1 -was selected to avoid pseudofeces 136 production). After the feeding period, all scallops were γ-counted and flowing seawater conditions (50 l h -137 1 ) were restored in the aquarium. Individuals were then whole-body γ-counted alive at different time 138 intervals to follow the loss kinetics of 109 Cd. Four individuals were collected after 16 (P. maximus) and 30 139 d (C. varia) of depuration, and dissected to determine the 109 Cd tissue distribution among the different 140 body compartments (shell, digestive gland, kidneys, gills, gonad, mantle, intestine, adductor muscle and 141 the rest of soft tissues) and among the subcellular fraction of the digestive gland (see below). 142
143
Sediment exposure 144
Since P. maximus is living buried into the sediment whereas C. varia is fixed on rocks, Cd exposure 145 through sediment was only assayed for P. maximus. Sediment was collected in Wimereux (North-Atlantic 146 coast of France). Sediment grain size distribution was measured on a Mastersizer micro and the 147 Aerated sediment (9 kg) was placed in plastic bottle, exposed to 109 Cd (516 kBq) for 6 d with constant 149 agitation, then used to form a homogeneous sediment layer of 4 cm height in a 20-l aquarium. Weakly 150 bound 109 Cd was allowed to leach overnight under flowing seawater (50 l h -1 ) (Warnau et al. 1996 Bq g -1 wet wt). At the end of the uptake period, 4 scallops were collected, dissected (shell, digestive 156 gland, kidneys, gills, gonad, mantle, intestine, adductor muscle and the rest of soft tissues), weighed and 157 γ-counted in order to determine the radiotracer distribution among the body compartments. The remaining 158 individuals were transferred for 49 d to a new 20-l aquarium containing non contaminated sediment with 159 flowing seawater and they were regularly radioanalyzed to follow 109 Cd loss kinetics. Also, 109 Cd activity 160 in sediment was regularly measured in order to ascertain that no contamination of the clean sediment 161 occurred through 109 Cd recycling (for security, the whole sediment layer was renewed anyway after one 162 week). At the end of the loss period, 4 scallops were collected and dissected as described above to 163 determine 109 Cd body distribution and its subcellular distribution in the digestive gland. 164
165
Subcellular distribution 166
For all the experiments, the digestive gland of both scallop species were considered to assess the 167 partitioning of 109 Cd between soluble and insoluble fractions as described by Bustamante & Miramand 168 (Warnau et al. 1996 (Warnau et al. , 1999 . Uptake kinetics of 109 Cd in whole-body scallops were fitted using 180 a simple exponential kinetic model (eq. 1) for the sediment exposure (Statistica ® 6) and using a linear 181 model for the seawater exposure (eq. 2): 182 CF t = CF ss (1 -e -k e t ) (eq. 1) 183
where CF t and CF ss (CF ss = k u /k e ) are the concentration factors at time t (d) and at steady state, 185 respectively; k u and k e are the uptake and loss rate constants corresponding depuration rate constant (k es and k el , respectively) according to the relation T b½ = ln2/k e 196 (Warnau et al. 1996) . Regarding feeding experiments, the 'long-lived' exponential term describes the 197 fraction of the radiotracer ingested with food that is actually absorbed by the organism (Warnau et al. 198 1996) . The corresponding A 0l represents the assimilation efficiency (AE) of the considered radiotracer. 199
The best fitting regression models were selected according to highest determination coefficient and 200 examination of residuals. The level of significance for statistical analysis was always set at α < 0.05. Table 1 . The concentration factors measured at the end of the uptake period (CF 7d ) of 109 Cd 207 were 37 ± 9 in C. varia and 18 ± 7 in P. maximus (Table 2) In terms of body distribution, 109 Cd was mainly found in the digestive gland and in the gills (~30 and 20 214 % of total body load, respectively) for both species. At the end of the uptake experiment, the 109 Cd tissue 215 distribution shows a similar pattern (p G-test > 0.40) between C. varia and P. maximus, with the digestive 216 gland and gills accounting for more than 60 % of the total Cd load (Table 2) . 217
After the exposure period, non-contaminating conditions were restored and loss kinetics of 109 Cd were 218 followed for 36 d. The whole-body loss kinetics of 109 Cd in C. varia and P. maximus were best described 219 by a two-component exponential model ( Fig. 1 and Table 1 ). The major part of 109 Cd was efficiently 220 absorbed in C. varia and P. maximus (A 0l > 77 %). The estimated loss rate constant of the long-lived 221 components (k el ) for C. varia was low, i.e. 0.005 ± 0.001 and, consequently, the derived biological half-222 life reached 145 ± 45 d (Table 1 ). In the case of P. maximus, the loss rate constant was not significantly 223 different from 0 (p > 0.05), and the related T b½l of 109 Cd may thus be considered as infinite. 224
After 36 d of depuration, the body distribution of 109 Cd displayed a similar pattern than the one observed 225 at the end of the exposure period (Table 2) . However, it is striking to note that the 109 Cd activity in the 226 digestive gland of C. varia and P. maximus remained relatively constant throughout the depuration 227 duration within the two species, i.e. from 680 ± 369 Bq g -1 to 549 ± 255 Bq g -1 for C. varia and from 228 1,392 ± 479 Bq g -1 to 1,491 ± 316 Bq g -1 for P. maximus, suggesting either a lack of Cd loss from the 229 digestive gland during this period or a redistribution of the radioisotope from the tissues in contact with 230 seawater towards this storage organ. 231 232
Dietary exposure 233
The loss kinetics of 109 Cd ingested with food in both C. varia and P. maximus were best fitted using a 234 double exponential model ( Fig. 1 and Table 1 ). C. varia displayed a higher assimilation efficiency (AE > 235 86 %) than P. maximus (AE > 80 %). However, in both species, the depuration rate constant, k el , were not 236 significantly different from 0 (p > 0.39), and therefore the derived T b½l were infinite. 237
At the end of the depuration period, the digestive gland contained the main part of 109 Cd, i.e. 97 % for C. 238 varia and 82 % for P maximus (Table 2) . 239
240
Sediment exposure 241
Sediment used in the experiment was mainly (95.8 %) composed of grains which size ranged from 76 to 242 302 µm and its dry/wet wt ratio was 0.80. 243
Whole-body uptake kinetics of sediment-bound 109 Cd in P. maximus was best fitted by a single 244 exponential model (Table 1) . TF reached steady-state equilibrium within the 2 weeks of exposure 245 (estimated TF ss = 0.034 ± 0.002). Among the different body compartments, the highest TF 13d was found 246 in the digestive gland (3.35 ± 1.68; Table 3 ). This organ also contained the main fraction of the total 109 Cd 247 body burden (i.e. 78 %; Table 3 ). The body compartment containing the second highest proportion was 248 the mantle (14 % of total 109 Cd body burden). 249
The 109 Cd whole-body loss kinetics could not be described accurately by the exponential models; 250 therefore a linear regression (Y = a X + b) was applied in order to estimate the radiotracer retention. The 251 results showed that 92 % of the accumulated 109 Cd were efficiently incorporated in P. maximus tissues, 252 with a biological half-life not significantly different from infinite (Table 1) . At the end of the depuration 253 period (31 d) the body distribution of 109 Cd was identical to that at the end of the exposure period (Table  254 3), with the highest proportion of 109 Cd located in the digestive gland (≈ 80 %), followed by the mantle (≈ 255 12 -14 %). In addition, the 109 Cd activities were similar in the two latter tissues at the end of exposure 256 and depuration periods, viz. 81 ± 41 and 85 ± 18 Bq g -1 in the digestive gland and 1.4 ± 0.4 and 1.5 ± 1.4 257
Bq g -1 in the mantle. 258
259
Subcellular distribution 260
Examination of subcellular distributions indicated that, whatever the contamination pathway (i.e., 261 seawater, food or sediment) and the sampling period (i.e., end of uptake or end of loss period), P. 262 maximus stored the major part of the cellular 109 Cd in the soluble fraction (from 70 to 85 %). In contrast, 263 the radiotracer was mainly bound to insoluble compounds in C. varia (Fig. 2) . Indeed, after only 7 days of exposure to the 284 dissolved radiotracer, both scallop species exhibited high whole-body concentration factors (CFs), with 285 37 ± 9 for C. varia and 18 ± 7 for P. maximus whole bodies. This difference in CF between the two 286 species exposed to the same contamination conditions is related (1) to a higher Cd uptake rate (uptake rate 287 constant: 5.4 vs 2.7) and (2) secondarily, to a higher assimilated fraction (87.8 vs 77.1) in C. varia 288 compared to P. maximus (Table 1) 
292
Considering the tissues separately, the organs involved in respiration (i.e. gills), excretion (i.e. kidneys) 293 and digestion (i.e. digestive gland) displayed higher CFs compared to other body compartments in P. 294 maximus, whereas the foot and the compartment "rest of the soft tissues" also showed elevated CFs in C. 295 in the digestive gland, the gills, the kidney and the mantle in both species, the digestive gland containing 297 more than 30 % of the whole body burden of 109 Cd (Table 2) . These results strongly suggest the 298 occurrence of efficient redistribution mechanisms towards the tissues involved in the storage, excretion 299 and detoxification processes, i.e. the kidneys and the digestive gland (e.g., Carmichael & Fowler 1981, 300
Ballan-Dufrançais et al. 1985 , Stone et al. 1986 ). It is also striking to note the difference between both 301 species concerning the Cd CF in the foot that reached elevated values in C. varia (Table 2 ). In the latter 302 species, the foot is well developed and contains a byssal gland which main role is to produce the byssus to 303 stick to rocky substrates whereas P. maximus does not produce byssus as it lives buried in the sediment. 304
Byssus is known to play a role in the elimination of metals from bivalves (Szefer et al. 2006) , it is 305 therefore likely that some metals are transferred from the soft tissues and concentrated in the byssus 306 rather than merely adsorbed onto its surface from seawater. However, in the case of Cd, previous studies 307 on mussels suggested that this metal is derived mainly from seawater ( It is noteworthy that the Cd distribution pattern among the tissues was similar after 7 d of seawater 313 exposure and after 36 d of depuration for both species (Table 2) . Similarly, the subcellular distribution of 314
Cd was identical at both times for P. maximus, with more than 80 % in the soluble fraction of the 315 digestive gland cells (Fig. 2) . Taking into account the relatively long biological half-life of Cd in P. 316 maximus, this result indicate that the metal is mainly bound to soluble compounds involved in the storage 317 of this metal. The implication of metallothionein-like proteins in Cd detoxification and storage in the 318 digestive gland is well documented in Pectinidae (e.g., Stone et al. 1986 , Evtushenko et al. 1990 (from 59 to 80 %; see Fig. 2 ), suggesting a time-limited role of the soluble metalloproteins when the 321 metal enters through the dissolved route (as well as via the food as similar results were found for the 322 dietary exposure; see Fig. 2 ). Such a predominant interaction of Cd with the insoluble cellular fraction in 323 the digestive gland is not a common observation among Pectinidae but has already been shown in some 324 species (e.g., Adamussium colbecki; Viarengo et al. 1993 ) and would be due to the fact that, among 325 insoluble cellular components (i.e., organelles, membranes and granules), the lysosomal system can play 326 a major role in Cd detoxification (by trapping) and excretion (Ballan-
2002). 328
After exposure to sediment-bound Cd, P. maximus exhibited very low transfer factors (viz., TF ss = 0.034 329 ± 0.009), indicating that direct contamination due to burying into sediment would represent a minor Cd 330 uptake pathway in this species. However, at the end of the exposure period, 80 % of the incorporated 331 metal was found in the digestive gland, which displayed a TF higher than 3 (Table 3) . As this organ is not 332 in direct contact with the sediment, it is suggested that either (1) the radiotracer was progressively 333 translocated from the tissues in direct contact with sediment and pore water to the digestive gland and/or 334 (2) P. maximus was able to ingest sediment grains. Although sediment grains were never observed in the 335 valves or in the digestive system in the many dissections carried out during this study, this latter 336 hypothesis would be plausible as scallops were reported to be able to ingest particles of a wide size range 337 exposed for 7 d via seawater (uptake kinetics A1; Concentration Factors -CF-; mean ± SD; n 511 = 9), then maintained for 36 d in non contaminated conditions (loss kinetics A2; Remaining 512 activity -%-; mean ± SD; n = 9) and after a 2-hr feeding on radiolabelled phytoplankton 513
Isochrysis galbana (loss kinetics B; Remaining activity -%-; mean ± SD; n = 6 C. varia and n 514 = 9 P. maximus). 
